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ABSTRACT 
Non-ruminant animals fed soybean [Glycine max (L.) Merr.] meal cannot 
metabolize the phosphorus (P) that is in the form of phytate. A soybean line 
CX1834-1-6 was developed that had a major reduction in phytate P and a concomitant 
increase in inorganic P, which is available to non-ruminants. The objective of this study 
was to determine the impact of low phytate (LP) on agronomic and seed traits of lines 
with reduced palmitate in the seed oil. A population of soybean was developed by 
crossing CX1834-1-6 to a reduced-palmitate line 6017696019 and backcrossing the F~ 
plants to 6017696019. Twenty BC~F2—derived lines with LP and reduced palmitate and 
20 lines with normal phytate (NP) and reduced palmitate from the population were 
evaluated at three Iowa environments in 2003. The LP lines had a mean seedling 
emergence that was 22.3 percentage units less than the NP lines. Although the plant 
density of the LP lines was less than the NP lines, the mean yield of the two types was 
not significantly different. The palmitate and stearate content of the LP lines was 
significantly greater than that of the reduced-palmitate parent. The reduced emergence 
and greater saturate content of the LP lines may make it di~cult to develop acceptable 
cultivars for production of LP soybean meal and low-saturate oil. 
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INTRODUCTION 
Phosphorus (P) is an important element in the seeds of soybean [Glycine max 
(L.) Merr.]. Some of this P is held in the organic molecule phytate [myo-inositol 
1,2,3,4,5,6-hexakisphosphate] (Wilcox et al., 2000). Phytate in soybean meal is 
resistant to digestion by non-ruminant livestock, such as poultry and swine, which 
leaves the P unavailable to the animal. It also is known to bind other nutrients, such as 
zinc, making them unavailable (Raboy et al., 1984; Wilcox et al., 2000). 
Soybean meal is a byproduct of oil extraction and is commonly used as a 
livestock feed. There is interest in reducing the amount of phytate in soybean meal to 
make more P nutritionally available to non-ruminant livestock. Currently, livestock 
producers supplement feed with Phytase, which allows the animal to utilize some of the 
phytate P (Wilcox et al., 2000). Phytase is a purified enzyme derived from microbes, 
such as Aspergillus niger (Gibson and Ullah, 1990; Cromwell et al., 1993). Inorganic P 
supplements are added to the rations of non-ruminant livestock to increase the levels of 
available P (Cromwell et al., 1993). Phytase and inorganic P supplements must be 
regularly fed to the animal in order to be effective. Although these supplements allow 
non-ruminant livestock to receive the necessary nutrients, the remaining phytate-bound 
P from the soybean meal is excreted in the livestock feces. These feces decompose 
and cause soil and water contamination from run-off of P-rich material (Hedlin, 1970; 
Parry, 1998). Since such contamination is an environmental concern, decreasing the 
amount of phytate in soybean meal would be helpful in dealing with future environmental 
regulations of P pollution while maintaining livestock health and decreasing dependence 
on feed supplements. 
Scientists of the USDA-ARS and Purdue University developed by mutagenesis a 
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soybean line possessing low phytate (LP) and increased inorganic P in the seed (Wilcox 
et al., 2000). Recessive alleles at two loci that exhibit duplicate dominant epistasis 
(pha1 pha1 pha2 pha2] produce the LP phenotype in CX1834-1-6, a line derived from a 
cross with the original LP mutant line (Oltmans et al., 2004a). The normal phytate (NP) 
phenotype is expressed when there is at least one dominant allele at either the pha1 or 
pha2 locus. For the purpose of my study, a NP genotype will constitute any of the five 
allelic combinations that result in progeny that have NP content in the seeds and no 
observable segregation for phytate [Pha1 Pha1 Pha2 Pha2, Pha1 Pha1 Pha2 pha2, 
Pha 1 Pha7 pha2 pha2, Pha 1 pha 1 Pha2 Pha2, or pha 1 pha 1 Pha2 Pha2]. 
Soybean oil is marketed as a vegetable oil for human consumption. In humans, 
a diet low in saturated fats is considered beneficial to health. Iowa State University has 
developed lines through mutagenesis that have a reduction in palmitate, one of the finro 
primary saturated fatty acids in soybean (Horejsi et al., 1994; Ndzana et al., 1994). A 
conventional cultivar of soybean has ~ 110 g kg-' palmitate, while areduced-palmitate 
line possesses ~ 40 g kg"~ palmitate. A soybean cultivar possessing both LP and 
reduced palmitate will be valuable in both the vegetable oil and soybean meal markets. 
The costs of production and identity preservation of such a cultivar can be divided 
between the oil and meal products. 
The genes for reduced phytate may affect important agronomic and seed 
characteristics of the plant. A comparative study of agronomic and seed characteristics 
in lines with NP and LP content controlled by the phal and pha2 alleles has not been 
published to date. The objective of my thesis was to determine the impact of the LP trait 
controlled by the pha 1 and pha2 alleles on agronomic and seed traits of lines with 
reduced palmitate in the oil. 
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LITERATURE REVIEW 
Biochemistry of reduced phytate 
Phytate is an important molecule for P storage in soybean. It also may be 
important for the storage of energy and initiation of dormancy (Reddy et al., 1982). The 
amount of phytate is variable in the seed of plants. It is dependent on environmental 
and genetic factors that affect the supply of P (Raboy, 1990; Raboy et al., 2001). For 
example, Raboy and Dickenson (1987) found that phytate content in soybean seeds 
increased with increased application of P to the soil. The percentage of total P in the 
phytate form in conventional soybeans has been as low as 50 % (Reddy et al., 1982) 
and as high as 77 % (Raboy et al., 1984). Raboy and Dickenson (1987) determined 
that inorganic P accumulated early in maturing soybean seeds while phytate P content 
steadily increased after most of the inorganic P accumulated. The amount of inorganic 
P generally remained constant when P content of the soil varied, but phytate P 
responded to P content in the soil. This indicated that there may be a baseline 
requirement for inorganic P in cell division and growth in seeds, and that phytate is used 
to store additional P in seed for use in germination and early plant development. Total P 
and phytate P in seeds have been highly and positively correlated in studies of soybean, 
oat, barley, and wheat (r > 0.90) (Raboy, 1990; Raboy et al., 1984). 
Phytate formation begins with the conversion of glucose 6-phosphate, a product 
of glycolysis, into amyo-inositol phosphate (Loewus, 1990; Taiz and Zeiger, 1991; 
Raboy, 2003). Phytate may be formed from myo-inositol phosphate by one of two 
proposed pathways in plants. The more favored pathway involves a reaction of myo-
inositol with cytidine diphosphate diacylglycerol (CDP-DG) to form phosphatidylinositol, 
which is phosphorylated and converted into myo-inositol-1,2,3,4,5,6-hexakisphosphate 
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(phytate) by a series of reactions (Taiz and Zeiger, 1991; Raboy, 2003; V. Raboy, 2004, 
personal communication). This pathway has been elucidated in yeast, but has only 
been documented in part in plants (Griac and Henry, 1999; Raboy, 2003; V. Raboy, 
2004, personal communication). If this is the predominant pathway, there would be a 
link between the phytate synthesis pathway and the fatty acid synthesis pathway. 
CDP-DG is formed from phosphatidic acid, a compound that also is involved in the 
formation of oils in the Kennedy pathway. The production of phosphatidic acid 
consumes two molecules of palmitic, stearic, or oleic acid. Linoleic and linolenic acid 
are not used because desaturation occurs after the formation of phosphatidic acid in the 
Kennedy pathway (Browse and Somerville, 1991; Taiz and Zeiger, 1991). A change in 
phytate content due to a mutation in this pathway could have a pleiotropic effect on oil 
content and the fatty acid profile. If pleiotropy is present, the marketability of a LP, low-
satu rate soybean cu Itiva r may be affected . 
A second pathway by which phytate may be formed in plants is by non-lipid 
inositol polyphosphate intermediates. It is not favored to the same degree as the other 
pathway because some key enzymes necessary for the pathway are not known to exist 
in any eukaryotic cell. This pathway would not directly involve the fatty acids (Raboy, 
2003; V. Raboy, 2004, personal communication). More research is necessary to 
determine which pathway is predominant in plants. 
Phytate is found together with protein in plants in a complex called a protein body 
(Raboy, 1990). The close association of protein and phytate indicates that the contents 
of the two may be correlated. Studies of the correlation between protein and phytate 
have given varied results. Some studies have shown no correlation between phytate 
and protein (Raboy, 1990). However, Raboy et al. (1984) surveyed 38 conventional 
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soybean lines and found a significant positive relationship (r = 0.74) between phytate 
and protein. The positive correlation indicated that a decrease in phytate would be 
associated with a decrease in protein, which is undesirable for production of livestock 
feed because the meal is intended as a protein source. 
For plants to use the P stored in phytate, they must make phytases to convert the 
P into inorganic forms. Phytases are necessary to remove phosphate groups from the 
phytate molecule in the seed (Gibson and Ullah, 1990). The number and position of 
phosphate groups that are removed depends on the specific phytase involved (Loewus 
et al., 1990). When the supply of inorganic P is low, more phytases are activated. 
During germination, soybean phytases have been shown to be 10 times more active 
than before germination. The peak of phytase activity is about eight to 10 days after the 
beginning of germination (Gibson and Ullah, 1990). This activity allows the seed to 
obtain needed P while it is developing shoots and roots. 
Effects of phosphorus availability on non-ruminant livestock 
Phytase and inorganic P supplements are added to soybean meal to increase 
available P for non-ruminant livestock. These livestock lack the phytase enzymes that 
ruminant livestock have to break up phytate into nutritionally-available forms (Cromwell 
et al., 1993). Phytase supplements are added to rations to convert some of the phytate-
bound P in soybean meal into inorganic P. Additional inorganic P is added to increase 
digestible P to the level required for adequate growth of the animal. In adult chickens, 
Leske and Coon (1999) observed that total P retention increased 16.6 percentage units 
with the addition of phytase. Total P retention for broiler chicks in that study increased 
31.0 percentage units. In swine, Cromwell et al. (1993) found that supplemental 
phytase and inorganic P added to soybean meal resulted in increases in growth, feed 
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intake, and bone strength in immature animals. The addition of 500 and 1000 units of 
phytase per gram of feed led to an increase in growth rate and feed intake over the base 
diet. The response increased with each increase in the amount of phytase. The 
addition of increasing levels of inorganic P led to an increasing response in daily gain, 
daily feed intake, and bone breaking strength over the base diet. These results showed 
that an increase in available P in feed increases P retention and performance of non-
ruminant livestock. 
Effect of excess phosphorus on the environment 
Farmers amend the soil with P to maximize production of crops. Soil 
amendments generally are in the form of commercial fertilizers or manure from livestock. 
Addition of manure beyond the level necessary for adequate P during plant growth can 
provide ideal conditions for run-off of P into surface water. Surface run-off from fields 
with excess P is an important source of P pollution in water (Hedlin, 1970; Ertl et al., 
1998; Parry, 1998). One way to reduce the run-off hazard is to feed livestock LP meal, 
which should decrease excreted P by increasing P retention in non-ruminant livestock 
(Ertl et al., 1998). 
Livestock operations are required to obtain pollution discharge permits because 
they are known to be point sources of pollution. This regulation is difficult to enforce and 
is ignored by many producers. Tighter standards may be enacted to improve water 
quality in the United States. This may require producers to limit the amount of manure 
applied #o a given area of land based in part on the P content of the manure and the P 
requirement of the crop grown on the land (Parry, 1998). if tighter water quality 
standards are enacted, reduced-phytate feeds could be useful in reducing the land area 
on which manure from a livestock operation would need to be applied. This would 
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reduce the cost of waste handling by making it possible to apply manure to fewer acres 
while remaining in compliance with regulations. 
Reduced phytate in soybean 
The source of LP in this study was the line CX1834-1-6, which had the pha7 and 
pha2 alleles for LP. The line was derived from a cross of the LP mutant line 
M153-1-4-6-14 with the cultivar `Athow' (J.R. Wilcox, 2001, personal communication). 
Wilcox et al. (2000) derived the LP mutant line from a population they developed by 
soaking seeds of CX1515-4 in ethyl methanesulfonate (EMS), a mutagen. The M~ and 
M2 generations of the mutant population were grown, and the M2 plant designated M153 
was selected for its LP content. The M3 through M5 progeny of M 153 were grown and 
tested to observe the segregation pattern for the LP trait. It segregated in a 1 NP: 2 
segregating: 1 LP ratio, which suggested that the trait was inherited as a single gene. 
The inheritance of LP in CX1834-1-6 was evaluated by Oltmans et al. (2004a) 
after LP in populations derived from crosses with CX1834-1-6 failed to segregate 
according to a single-gene model. Across was made between CX1834-1-6 and the NP 
line A00-711013, and 210 F2;3 lines were derived from the resulting population. A single 
pod was harvested from each of 23 plants in each F2:3 line and one seed from each pod 
was tested for phytate to determine the genotype of the FZ plants. Qf the 210 F2:3 lines 
included in the study, there were 86 NP, 114 segregating, and 10 LP. This segregation 
satisfactorily fit the 7:8:1 ratio, which indicated that LP was controlled by the recessive 
mutant alleles of two loci with duplicate dominant epistasis. It is unknown whether both 
alleles were present in the mutant plant M 153. Similar segregation was observed in 
crosses for my study. 
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The mips allele, which was developed by chemical mutagenesis, also controls 
reduced phytate in soybean (Meis et al., 2003). The phytate content in mips lines is 
about 50 %less than in conventional cultivars of soybean. 
The influence of the mips allele on agronomic and seed characteristics of 
soybean lines was reported by Meis (2002) and Meis et al. (2003). Lines with the mips 
allele had lower field emergence compared with Mips lines, especially when seed was 
produced in subtropical environments. Seed of mips lines from temperate seed sources 
had 8 to 24 percentage units less field emergence than Mips lines. Seed of the same 
mips lines from subtropical sources had field emergence that ranged from 58 to 85 
percentage units less than the normal lines. Yield was affected in part by the reduction 
in plant density from poor emergence. Average yield of the mips lines from each of the 
seven populations was 267 to 1369 kg ha"' less than the yield of the Mips lines from the 
same populations. The correlation between yield and plant density across all lines was 
0.93, which indicated that mips lines with yield similar to that of Mips lines may be 
possible if mips lines with acceptable seedling emergence are found. Protein content in 
the mips lines was significantly higher than in the Mips lines in five of the seven 
populations, but there was considerable overlap in the distributions of the two types of 
lines. Oil content of the mips lines was not significantly different from that of the Mips 
lines in four of the seven populations. He concluded that it should be possible to obtain 
mips lines that have protein and oil content similar to conventional cultivars. 
Reduced phytate in other crops 
Raboy et al. (2001) reviewed the characteristics of mutant alleles for LP isolated 
in maize (Zea mays L.), barley (Hordeum vulgare L.), and rice (Oryza sativa L.). In 
maize, over 20 mutations for LP have been isolated in recent years. Mutations at the 
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fpa1 and Ipa2 foci in maize inhibit phytic acid accumulation throughout seed 
development. Homozygosity for the Ipa 1-T allele controls a 66 %decrease in phytate, 
while homozygosity for Ipa2- ~ controls a 50 %decrease in phytate. The 1pa ~-1 mutation 
has been shown to cause a small yield penalty, while the Ipa2-~ mutation has 
deleterious effects on plant performance and seed quality. Two other mutations in 
maize control a 95 %reduction in phytate and are lethal as homozygotes. The mutant 
lines of barley and rice have a 45 to 95 %reduction in phytate. A barley mutation with a 
95 %reduction in phytate is not lethal as a homozygote, but lacks the vigor of a 
conventional line. 
Effects of reduced-phytate feeds on non-ruminant livestock 
The digestibility of P from LP mips lines was studied in pigs and young chickens. 
Cromwell et al. (2000) found the P in LP soybean meal was 58 %digestible in young 
chickens, which is approximately twice the digestibility of P in NP soybean meal. 
Spencer et al. (2000) found that a diet of LP corn meal and LP soybean meal from mips 
lines led to significantly increased P retention and decreased P excretion in pigs 
compared with normal corn and soybean meal adjusted to the same amount of available 
P. They observed that the diet of LP corn and LP soybean meal did not require 
supplemental inorganic P to keep digestible P at adequate levels. 
Reduced palmitate in soybean 
Mutant alleles of two loci are responsible for the inheritance of reduced palmitate 
in the recurrent parent B01769B019. The first mutant allele for reduced palmitate, fap1, 
was discovered in the M2-derived mutant line C1726. The mutant line was obtained by 
treating seeds of the cultivar `Century' with EMS, and selecting the M2 plant with the 
lowest palmitate content from the resulting population (Erickson et al., 1988). The 
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second mutant allele for reduced-palmitate, fap3, was discovered by Fehr et al. (1991) 
in the M4-derived mutant line A1937NMU-173 developed by Iowa State University. The 
mutant, population was obtained by treating seeds of the cultivar A1937 with N-nitroso- 
N-methylurea (NMU). Across of A1937NMU-173 and C1726 by Fehr et al. (1991) 
produced lines that had 40 g kg"' palmitate, which was the lowest palmitate content 
identified in soybean. 
Ndzana et al. (1994) studied the effects of reducing palmitate to ~ 40 g kg"' on 
agronomic and seed traits. Yield in the reduced-palmitate lines of three populations was 
3.2 to 9.5 %lower than the normal lines from the same populations. Mean protein 
content of the reduced-palmitate lines was significantly higher than the normal-palmitate 
lines in two of the populations and significantly lower in one population. Mean oil 
content of the reduced-palmitate lines was significantly lower by 12 to 18 g kg"' in the 
three populations. Stearate, the other major saturated fatty ester in soybean seed, was 
significantly lower by 6 to 10 g kg"' in the reduced-palmitate lines than in the normal-
palmitate lines. 
Horejsi et al. (1994) studied single-cross and BCC lines with reduced palmitate to 
determine if modifying genes had an effect on palmitate content and yield. Significant 
differences were found for palmitate content among the backcross lines and between 
the backcross and single-cross lines. This indicated that modifying genes for palmitate 
were present. Backcross lines were found that were higher yielding than the recurrent 
parent. This indicated that the yield penalty found by Ndzana et al. (1994) could be 
overcome by backcrossing. 
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Human nutrition and reduced palmitate 
Cultivars of soybean with the genotype fap1 fapl fap3 fap3 for reduced palmitate 
are grown to produce oil low enough in total saturated fatty acids to be labeled as low in 
saturated fat according to the rules of the Food and Drug Administration (FDA) in the 
United States. Consumers desire cooking oil with low saturated fats because a 
reduction in saturated fats in the human diet is known to be beneficial for health. 
Montoya et al. (2002) found that a diet high in monounsaturated or polyunsaturated fats 
led to a decrease in total cholesterol and low-density lipoprotein (LDL) cholesterol in 
men and women with a mean age of 45 years. A decrease in LDL cholesterol is known 
to reduce the risk of heart disease. A study by Jansen et al. (2000) found a similar 
result in college-age men. Perez-Jimenez et al. (2002) reviewed studies of diets that 
substitute unsaturated fats for saturated fats and concluded that such a diet reduces 
insulin requirement in type 2 diabetic patients and decreases blood pressure 
(hypertension). 
The U. S. Food and Drug Administration specifies that an oil labeled as low in 
saturated fat must have 1 g or less of total saturated fatty acids in a 14 g serving, which 
is equivalent to 71.4 g kg-' of saturated fat. When saturated fatty acids total 1.25 g or 
less per 14 g serving (89.3 g kg-' saturated fat), the number of grams can be rounded 
down to 1 g and the oil can be labeled as low in saturated fat (U.S. Food and Drug 
Administration, 1999). Although the two primary saturated fatty acids in soybean oil are 
palmitic and stearic, the content of other minor saturated fatty acids must be included in 
the total saturated fat content, including myristic (14:0), arachidic (20:0), behenic (22:0), 
and lignoceric (24:0) (White, 2000; Hammond et al., 2004). In a breeding program, only 
palmitic, stearic, oleic, linoleic, and linolenic acid content are determined by gas 
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chromatography because testing for the full fatty acid profile is atime-consuming task. It 
is desirable to select lines with the lowest palmitic and stearic acid content possible to 
allow for variation in total saturated fats from minor saturated fatty acids, environmental 
variation, and accidental mixing with conventional soybeans during commercial 
production. 
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MATERIALS AND METHODS 
Two lines were used as parents to form the population used in my study. 
CX1834-1-6 was a LP line of Maturity Group 11 with normal-palmitate content that was 
selected by the USDA-ARS as a F3-derived line from the cross Athow x M 153-1-4-6-14 
(J.R. Wilcox, 2001, personal communication). 6017696019 was a NP line of Maturity 
Group II developed by Pioneer Hi-Bred International, Inc., Johnston, IA, that had 
reduced palmitate. The reduced-palmitate trait of 8017696019 was derived from A18, 
which was developed by Iowa State University. A18 had the fapl and fap3 alleles for 
reduced palmitate (Fehr et al., 1991; Schnebly et al., 1994). 
The cross 8017698019 x CX1834-1-6 was made during July 2001 at the 
Agronomy and Agricultural Engineering Research Center near Ames, IA. The F~ seeds 
and seeds of 6017696019 were planted at the Iowa State University—University of 
Puerto Rico soybean breeding nursery at Isabela, Puerto Rico, during October 2001. 
Artificial lighting was used to extend the day length to obtain flowers suitable for 
crossing. DNA marker analysis was used to confirm that the F~ plants were hybrids. 
Each F~ plant was used as the male for the backcross to 6017696019, and 36 BCC F~ 
seeds were obtained. 
The 36 BCC F~ seeds were planted in Puerto Rico during February 2002 under 
artificial lights to promote seed production. The BCC F~ plants had one of four genotypes 
for phytate, Pha 1 Pha 1 Pha2 Pha2, Pha 1 Pha 1 Pha2 pha2, Pha 1 pha 1 Pha2 Pha2, or 
Pha 1 pha 1 Pha2 pha2. The 35 BCC F~ plants that reached maturity were threshed 
individually and kept separate as families. 
The BCC F2 seeds of each BCC F~ family were planted during June 2002 at Ames 
in four-row plots with 0.69 m between rows within a plot and 0.86 m between adjacent 
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plots. The seeding rate was 10 seeds m"' . The number of seeds planted for each family 
ranged from 47 to 419. 
The segregation for phytate content of the BC~I`~ families was determined by 
testing BC~F3 seeds at the R7 development stage, the earliest stage at which LP and 
NP content could be reliably distinguished (Appendix A). The R7 stage begins when 
one pod on the main stem has reached its mature pod color (Fehr and Caviness, 1977). 
BC1 F3 seeds were tested instead of BCC F2 seeds because the amount of BCC F2 seed 
was limited and was needed for planting. To select homozygous LP plants from these 
families early enough to allow for winter seed increase in Puerto Rico, it was necessary 
to know which families had LP segregates before the plants were harvested. To obtain 
seed for analysis, one pod that was yellow to brown in color was harvested from each of 
23 plants in each family. One seed from each pod was analyzed for phytate content. 
The expected frequency of BCC F3 seeds with the genotype pha 1 pha ~ pha2 pha2 from 
BCC F~ plants with the genotype Pha 1 pha 1 Pha2 pha2 was 9/64. A total of 23 individual 
BCC F3 seeds had to be analyzed to have a 95 %probability of finding at least one LP 
seed in segregating families (Sedcole, 1977). All of the BCC F2 plants from families with 
at least one LP seed were harvested and threshed individually. 
Phytate content was evaluated by a modification of the technique described by 
Wilcox et al. (2000). Each seed was placed into an envelope and crushed by striking it 
with a small steel weight. The pieces were placed into a 12-by-75-mm glass tube. Into 
each tube was added 1 mL of TCA reagent [aqueous 12.5 % (v/w) trichloroacetic acid 
and 25 mM MgCl2], followed by the addition of 1 mL of Chen's reagent [1 vol aqueous 3 
M H2SO4, 1 vol aqueous 0.02 M ammonium molybdate, 1 vol aqueous 10 % (v/v) 
ascorbic acid, and 2 vol double-distilled H2O] at room temperature. The solution was a 
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dark-blue color after 15 to 20 min if the seed had LP content and a colorless to light-blue 
color if the seed had N P content. 
To identify BC~FZ plants that would produce homogeneous LP or NP progeny, 
one BCC F3 seed from each plant was tested for phytate content. If the seed had LP, 
three more individual seeds were tested for phytate content. If the three seeds had LP, 
there was a 99 %probability that the plant had the LP genotype pha 1 pha 1 pha2 pha2 
(Sedcole, 1977). BC~F2 plants that would produce homogeneous NP progenies had 
one of five genotypes: Pha 1 Pha 1 Pha2 Pha2, Pha 1 Pha 1 Pha2 pha2, Pha 1 Pha 1 pha2 
pha2, Pha 1 pha 1 Pha2 Pha2, or pha 1 pha 1 Pha2 Pha2. To eliminate plants 
heterozygous at both loci that would segregate for phytate content, 47 BCC F3 seeds had 
to be analyzed to be 95 %certain of finding an LP seed (Sedcole, 1977). It was not 
possible to test 47 seeds from each plant and have enough remaining seeds for 
increase in Puerto Rico. Instead, plants heterozygous at one locus were eliminated with 
a 95 %probability by analyzing 11 individual seeds and discarding those with at least 
one LP seed (Sedcole, 1977). 
The LP and NP plants selected based on the phytate assay were evaluated for 
fatty ester content. A five-seed bulk sample was analyzed by gas chromatography. 
Plants with < 45 g kg"' palmitate were selected for increase. 
The gas chromatography method used for fatty ester analysis was described by 
Hammond (1991). Seeds were placed into steel wells and subjected to 276 MPa of 
pressure with a hydraulic press. About 1 mL of hexane was added to each well after 
pressing. Seeds were covered and soaked in hexane for at least 4 h before 0.1 mL of 
the hexane-oil mixture was transferred to a 1.5-mL autosampler vial. An aliquot of 0.3 
mL of 1.0 M sodium methoxide in methanol was added to the vial, and the samples 
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allowed to stand fior 3 rnin to form methyl esters from the triglycerides. Samples were 
shaken at 10-min intervals for a total of 30 min. The reaction was stopped by the 
addition of 0.1 mL of distilled water and 1.0 mL of hexane. This separated the sample 
into a layer of methyl esters in hexane at the top and a layer of water, sodium 
methoxide, and glycerides at the bottom of the vial. Approximately 1.0 µL of the methyl 
esters was injected into a Hewlett Packard 5890 Series II gas chromatograph (Hewlett 
Packard, Avondale, PA) using a 30 mm long syringe needle, and peak areas of 
palmitate, stearate, oleate, linoleate, and linolenate were determined. These areas 
were converted into percentages of the respective fatty esters. 
The BCC F2:3 seeds of 26 LP lines and 60 N P lines, the parents, and eight check. 
cultivars and lines were planted during December 2002 at the Illinois Crop Improvement 
Association nursery near Ponce, PR. The soil type of that environment is a San Anton 
sandy clay loam (fine-loamy, mixed, superactive, isohyperthermic Cumulic Haplustolls) 
(Beinroth et al., 2003). Each plot was a single row 7.62 m in length. There were two 
plots spaced 0.51 m apart on each irrigation bed, and there was a 1.32 m space 
between rows of adjacent beds. The seeding rate ranged from 3 to 8 seeds m!', 
depending on the amount of seed available for each line. Each plot was harvested in 
bulk with a stationary thresher. 
After harvest, 23 individual BC~F2:4 seeds of the NP lines were tested to be 95 
certain that all lines heterogeneous for phytate content were identified and discarded 
(Sedcole, 1977). The LP lines were tested for phytate content with four individual seeds 
to verify homogeneity. The homogeneous LP and NP lines were analyzed for fatty ester 
content with five individual seeds. Lines that had a mean palmitate content of <50 g kg"' 
and no noticeable segregation for palmitate were identified. Based on the phytate and 
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fatty ester analyses, 20 LP lines with reduced palmitate and 20 NP lines with reduced 
palmitate were chosen for planting in 2003. 
The 20 LP lines, 20 NP lines, two parent lines, and eight check cultivars and lines 
were grown during 2003 in two replications of a randomized complete-block design at 
the Ames, Carlisle, and Rippey environments in Iowa. The soil at Ames and Rippey is a 
Nicollet loam (fine-loamy, mixed, superactive, mesic Aquic Hapludoll) and at Carlisle is 
a Tama silty clay loam soil (fine-silty, mixed, superactive, mesic Typic Agriudoll). The 
plots were two rows spaced 0.68 m apart within a plot and 0.91 m between adjacent 
plots. The seeding rate was 30 seeds m"' . The Ames environment was planted on 19 
May, Carlisle on 23 May, and Rippey on 27 May. 
Each plot was evaluated for seedling emergence, plant density, yield, maturity, 
lodging, height, seed weight, protein content, oil content, and fatty ester content. 
Emergence percentage and plant density were determined by counting the number of 
plants in a plot at the V2 to V4 stage (Fehr and Caviness, 1977). The V2 to V4 stage 
occurs when one to three of the trifoliate leaves on the main stem are fully developed. 
Emergence percentage was calculated by dividing the number of plants by the 160 
seeds planted and multiplying by 100. Plant density in plants m"2 was calculated by 
dividing the number of plants in a plot by the plot area (5.187 m 2). Maturity was 
measured as days after 31 August when at least 95 % of pods had reached their mature 
color. Lodging was visually scored on a scale of 1 (all plants erect) to 5 (all plants 
prostrate). Plant height was measured in cm from the soil surface to the highest node on 
the main stem at maturity. Plots were harvested with aself-propelled combine, and the 
seed moisture and weight were measured to determine seed yield on a 13 %-moisture 
basis. Seed weight in mg seed-' was measured by weighing 400 random seeds and 
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dividing by 400. Protein and oil content for each plot were determined by analyzing a 
300 g sample with an Infratech 1221 near-infrared whole grain analyzer (Tecator AB, 
Hooganas, Sweden) and adjusting to a 13 %-moisture basis. Fatty ester content of 
each plot was determined by analyzing two five-seed bulk samples using gas 
chromatography. 
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DATA ANALYSES 
The data were analyzed as a randomized complete-block design for the three 
individual environments and the combined analysis across the three environments. 
Environments and replications were considered random effects, and the phytate types 
and lines within phytate types were considered fixed effects in the analyses of variance. 
To compare performance of the LP and NP lines with the performance of the 
parents or check cultivars, parents and check cultivars were included in the analyses of 
variance used for calculation of the standard error, least significant difference, and 
coefficient of variation. For an individual environment, ,the additive model was: 
Y~1 - N' +R i +L J +e ~1 
where 
Y;j =observed value of the jth line, parent, or check in the ith replication, 
µ =overall mean, 
R; =effect of the ith replication (i = 1 to 2}, 
Lj =effect of the jth line, parent, or check CI = 1 to 50), and 
e;~ =error of the ijth observation. 
For the combined analysis across environments, the additive model was: 
Y;~k = µ + E; + R/E;j + Lk + LE;k + e;~k 
where 
Y;~k = observed value of the kth line, parent, or check in the jth replication of the 
it'' environment, 
µ =overall mean, 
E; =effect of the ith environment (i = 1 to 3), 
R/E;~ =effect of the jth replication U = 1 to 2) nested in the ith environment, 
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Lk 
LE;k
e;;k 
= effect of the kth line, parent, or check (k = 1 to 50), 
= effect of the interaction of the ith environment with the kth line, parent, or 
check, and 
= error of the ijkth observation. 
Analyses of variance were performed with the general linear model procedure 
(PROC GLM) of SAS version 8.02 (SAS Institute, 2001). The standard error (SE), least 
significant difference (LSD), and coefficient of variation (C~ were calculated using the 
method of Steel et al. (1997). The equations used were: 
SE _ (MSE / n)~~2 LSDQ = ta,2(2MSE / n)~~2 CV = ((MSE)12/ x)*100 
where 
MSE =error mean squares in the analyses at individual environments, or the 
mean squares for the environment x line interaction in the combined 
analysis across environments. 
n =number of observations in an entry mean (n = 2 for an individual 
environment, n = 6 for the combined analysis across environments). 
ta,2 =value of tfor atwo-tailed test at the a level of significance. 
x =overall mean of the dependent variable in the analysis. 
Table 1. Sources of variation and expected mean squares for the analysis of variance 
including parents and checks at an individual environment. 
Sources of variation Degrees of freedom Expected mean squares 
Replications (R) r-1 6 2e 'F 1628 
Lines (L) I-1 MS2 62e + ~A(L) 
Error (r-1)(I-1) MSS 6 2e
Total rl-1 
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Table 2. Sources of variation and expected mean squares for the analysis of 
variance including parents and checks combined across environments. 
Sources of variation Degrees of freedom Expected mean squares 
Environments (E) e-1 6 2e + I62R/E + ~I62E 
Replications /Environments (R/E) e(r-1) 6 2e +' 162R/E 
Lines (L) I-1 MS3 62e + r6Z~E + er8(L) 
Environments X Lines (E x L) (e-1 )(I-1) MS2 6 2e + ~62~E 
Error e(r-1 )(I-1) MSS ate
Total erl-1 
Check cultivars and parents were excluded from the analyses of variance in 
Table 6 and Appendix D to facilitate comparisons of the phytate types. For an individual 
environment, the additive model was: 
Y;~k = µ + R; + Tj + ~~k + e;~k 
where 
Y;~k =observed value of the kt" line of the jt" phytate type in the it" replication, 
µ =overall mean, 
R; =effect of the it" replication (i = 1 to 2), 
T~ =effect of the jt" phytate type U = 1 to 2), 
L/Tjk =effect of the kt" line (k = 1 to 20) nested in the jt" phytate type, and 
e;~k =error of the ijkt" observation. 
Analyses of variance were performed with the general linear model procedure 
(PROC GLM) of SAS version 8.02 (SAS Institute, 2001). Sums of squares for lines 
within phytate types were partitioned into lines within the LP type and lines within the NP 
type. 
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Table 3. Sources of variation and expected mean squares for the analysis of 
variance excluding parents and checks at an individual environment. 
Sources of variation Degrees of freedom Expected mean squares 
Replications (R) r-1 6 2e + tI62R 
Phytate types (T) t-1 MS3 62e + rIA(T) 
Lines/Phytate types (L!T) t(I-1) MS2 6 2e + ~~L/T~ 
LP lines (p) p-1 MS21 62e + ~6(p) 
NP lines (P) P-1 MS22 62e + 1-A(P) 
Error (r-1)(tl-1) MSS ate
Total rtl-1 
For the combined analysis across environments, the additive model was: 
Y;jk, = µ + E; + R/E;~ + Tk + L/Tk~ + TE;k + (L/T}E;k~ + e~jk1 
where 
Y;~k, =observed value of the Ith line of the kth Phytate type in the jtn 
replication of the ith environment, 
µ =overall mean, 
E; =effect of the ith environment (i = 1 to 3), 
R/E;j =effect of the jth replication (j = 1 to 2) nested in the ith environment, 
Tk =effect of the kth Phytate type (k = 1 to 2), 
L/Tk~ =effect of the Ith line (I = 1 to 20) nested in the kth Phytate type, 
TE;k =effect of the interaction of the ith environment with the kth Phytate 
type, 
(L/T)E;k~ =effect of the interaction of the ith environment with the Ith line nested 
in the kth Phytate type, and 
e;~k, =error of the ijklth observation. 
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Analyses of variance across the three environments were performed with the 
general linear model procedure (PROC GLM) of SAS version 8.02 (SAS Institute, 2001) 
Sums of squares for lines within phytate types were partitioned into lines within the LP 
type and lines within the NP type. F-tests were used to determine the significance of 
each main effect or interaction. The line / phytate type x environment interactions were 
used to evaluate the line / phytate type effects. The phytate type x environment 
interactions were used to evaluate the phytate type effects. The replication / 
environment effects were used to evaluate the environment effects. 
Table 4. Sources of variation and expected mean squares for the analysis of variance 
excluding parents and checks combined across environments. 
Sources of variation Degrees of freedom 
Environments (E) 
Replications /Environments (R/E) 
Phytate types (T) 
Lines/Phytate types (L/T) 
LP lines (p) 
NP lines (P) 
Environments X Types (E X T) 
Environments X Lines/Types 
(E X UT) 
Environments X LP lines (E X p) 
Environments X NP lines (E X P) 
Error 
Total 
Expected mean squares 
62e "}' t162R/E + rt162E
MS5
MS4
MS41 
MS42
MS3
MS2
MS21
MS22
MS1
a,2e 
+ tICS2R/E 
ate + rIa2TE + erlA(T) 
62e + r62c~mE + ere(UT) 
ate + ra2pE + er8(P) 
ate + r62PE + er6(P) 
6 2e + ~~62TE 
6 ze '~' f62(~E 
6 2e +r6 2PE 
62e + rCS2PE 
6 2e 
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The coefficients of variation for the analyses of variance excluding parents and 
checks were calculated using the method of Steel et al. (1997). The equation was: 
CV = ((MSE)'~2/ x)*100 
where 
MSE =error mean squares in the analyses at individual environments, and the 
mean squares for the environment x line interaction in the combined 
analysis across environments. The mean squares for the environment x 
line interaction was obtained by adding the sums of squares of the 
environment x phytate type and environment xline/phytate type 
interactions and dividing by the sum of the degrees of freedom for the 
two interactions. 
x =overall mean of dependent variable in the analysis. 
Correlations between agronomic and seed traits were calculated based on line 
means across environments using the correlation procedure (PROC CORR) of the SAS 
statistical software package release 8.02 (SAS Institute, 2001). Correlations were 
calculated for the LP lines alone, the NP lines alone, and the LP and NP lines together. 
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RESULTS AND DISCUSSION 
The mean seedling emergence of the LP lines was significantly lower than the 
NP lines in each of the three individual environments (Table 5). Averaged across 
environments, the mean seedling emergence of the LP lines was 22.3 percentage units 
less than the NP lines, which was only significant at the 0.10 probability level due to a 
large environment x phytate type interaction (Tables 5 and 6). Oltmans et al. (2004b) 
found that the mean seedling emergence for LP lines derived from single crosses of 
CX1834-1-6 to three NP lines with normal-palmitate ranged from 19 to 27 percentage 
units less than NP lines from the same populations. The similar results of the two 
studies indicated that the reduced emergence of our LP lines was not due to a negative 
interaction of the reduced-phytate and reduced-palmitate traits. Combining the two 
traits in a cultivar should not be more detrimental to emergence than the integration of 
LP into a cultivar with a conventional fatty ester profile in the oil. 
Reduced emergence associated with the LP trait in soybean was first reported by 
Meis et al. (2003) who evaluated lines with the mips allele for reduced phytate and 
raffinose saccharide content. They found that seed source significantly affected the 
emergence of the mips lines. Emergence of mips lines was 58 to 85 percentage units 
less than Mips lines for the subtropical seed sources and 8 to 24 percentage units less 
for temperate seed sources in that study. The reduction in emergence of our LP lines, 
the LP lines of Oltmans et al. (2004b) and the mips lines indicated that the reduction in 
phytate has an adverse effect on seed viability. Unlike the mips lines, the emergence of 
LP lines with the pha7 and pha2 alleles did not seem to be adversely influenced by 
production of seed in a subtropical environment. The difference in emergence between 
the LP and NP lines grown from seed produced in Puerto Rico for my study was similar 
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to the difference between the LP and NP lines grown from seed produced in Iowa by 
Oltmans et al. (2004b). The lines of both studies were grown at the same environments 
in 2003. 
The mean emergence of the LP lines was significantly higher than the mean 
emergence of the donor parent CX1834-1-6 across environments (Table 5). While there 
were no LP lines that emerged as well as NP lines across environments, there was one 
LP line that had emergence that was not significantly different than the recurrent parent 
and two lines that were not significantly different than the NP line with the lowest 
emergence. Additional backcrosses may produce lines that have emergence as good 
as the recurrent parent. 
The seedling emergence of LP lines may be more sensitive to soil conditions 
than NP lines. These conditions may include planting depth of the seed, low soil 
moisture, low soil temperature, and soil crusting. At Ames, the LP lines had emergence 
that was 36.1 percentage units lower on average than the NP lines. In contrast, the 
emergence of LP lines was 14.4 percentage units lower at Carlisle and 16.4 percentage 
units lower at Rippey (Table 5). The variation in the differences between the means of 
the two types among environments resulted in a significant environment x phytate type 
interaction, which indicated that emergence of the LP lines was affected more by the 
differences among the environments than the NP lines (Table 6). The Ames 
environment had the lowest emergence for all the parents and checks in the study, 
which indicated that soil conditions were less favorable for emergence at that 
environment (Appendix C). Hanks and Thorp (1957) studied the effects of soil moisture 
and crust strength on emergence of soybean seeds. They found that emergence in 
soybeans decreased with decreasing soil moisture and increasing soil crust strength. 
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Additional backcrosses may produce LP lines with emergence as stable as NP lines 
across environments. 
The average plant density of the LP lines was 6.9 plants m"2 lower than the NP 
lines, which was significant at the 0.10 probability level (Table 7}. The correlation 
coefficient between plant density and yield of 0.53 was significant (Table 8). Despite the 
lower plant density of the LP lines, there was no significant difference in the mean yield 
of the two types, a LP line had the highest mean yield, and nine of the 20 LP lines were 
not significantly different in yield than the recurrent parent, 6017696019 (Table 9). 
Soybean plants have the ability to compensate for reduced plant density by branching. 
Egli (1988) evaluated the yield of a soybean cultivar at plant densities ranging from 0.6 
to 24 plants m"2. He found that yield was maximized at 17.5 plants m"2 in the first year of 
the study and 7.3 plants m"2 in the second year. Any increase in plants m"2 beyond 
those levels did not result in an increase in yield in his study. In our study, the mean 
plant density of 20.0 plants m"2 for the LP lines apparently was sufficient to maximize 
yield. These results indicated that the LP trait per se did not have a negative impact on 
seed yield. 
The LP and NP lines were not significantly different for mean maturity, lodging, or 
height (Table 7). Seed weight was significantly higher in the LP lines than the NP lines, 
but the difference was only 6 mg sd"~. The LP lines had 5 g kg"' less protein on average 
than the NP lines, but had 5 g kg"' more protein than the recurrent parent, 6017698019. 
The lack of a significant difference between LP and NP lines for protein content was in 
contrast to the correlation of phytate and protein observed by Raboy et al. (1984). In 
that study, 38 conventional soybean lines were surveyed for phytate and protein 
content. Correlations between the traits were calculated, and a significant and positive 
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correlation of 0.74 was found between phytate P and protein. Oil content in the LP lines 
was 1 g kg~~ lower on average than the NP lines, which was not significant. There were 
LP lines with protein and oil content similar to the mean protein and oil content of the 
recurrent parent. It should be possible to develop LP lines that are similar to NP 
cultivars for maturity, lodging, height, seed weight, protein, and oil. 
The mean palmitate, stearate, and palmitate +stearate contents of the LP lines 
were not significantly different than the NP lines, and there was overlap in the 
distributions of the two types of lines (Table 10). Although the similarity between the two 
types suggested that LP did not influence the content of the saturated fatty esters, all of 
the LP lines were significantly greater than the recurrent parent B01769B019 for their 
palmitate +stearate content. In contrast, six of the 20 NP lines were not significantly 
different from the recurrent parent for palmitate +stearate content. The elevated 
palmitate +stearate content of the LP fines was associated with greater than normal 
content of the two fatty esters in the donor parent CX1834-1-6. Both the palmitate and 
stearate content of the donor were significantly greater than that of IA2052, the 
conventional soybean cultivar with the greatest palmitate +stearate content of any of 
the six conventional lines and cultivars included in the experiment as checks. 
None of the LP lines likely would have been acceptable for commercial use as 
low-saturate cultivars. The FDA specifies that an oil labeled as low in saturated fat must 
have 1 g or less of total saturated fatty acids in a 14 g serving, which is equivalent to 
71.4 g kg-' of saturated fat. When saturated fatty acids total 1.25 g or less per 14 g 
serving (89 g kg-' saturated fat), the number of grams can be rounded down to 1 g and 
the oil can be labeled as low in saturated fat (U.S. Food and Drug Administration, 1999). 
The LP line with the lowest palmitate +stearate content of 78 g kg"~ would have tots! 
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saturates close to the limit of 89 g kg"' when averaged across environments. Oil from a 
cultivar with such a high content of total saturates could not be labeled as low in 
saturated fat if further increases in the saturated fatty acids occurred due to adverse 
environmental conditions or accidental mixing with conventional soybeans during 
commercial production. 
The increase in saturated fatty esters may be due to changes in the 
phospholipid synthesis pathway that is important for oil synthesis and may be involved 
in phytate synthesis. In the proposed pathway, palmitic, stearic, and oleic acids are 
needed to form phytate. The mutant alleles for LP may change the dynamics of the 
pathway and alter the amounts of each fatty acid that is converted to oil. This pleiotropic 
effect would make it difficult to produce LP lines with saturated fat low enough to meet 
the labeling requirements of the FDA, even after backcrossing. However, if the LP lines 
have fatty acid content similar to the recurrent parent after continued backcrossing, it 
can be concluded that the differences in saturates between LP and NP lines in my study 
were due to unfavorable linkages and that the phytate mutation per se does not have a 
significant effect on saturated fatty acid content. 
The lack of significant differences between the LP and NP fines for palmitate 
and stearate could occur, even though there were linkages or pleiotropic effects 
associated with the pha alleles. The homogeneous NP lines could contain one or both 
of the pha alleles, except for those derived from the genotype Pha 7 Pha 7 Pha2 Pha2. 
An average of 5/6 of the NP lines would be expected to have at least one of the pha 
alleles. NP lines with a pha allele may be influenced by genes for elevated palmitate 
and stearate linked to a pha allele or by a pleiotropic effect of pha 7 or pha2. 
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The mean oleate content of the LP lines was significantly greater and the 
linoleate and linolenate contents were significantly lower than that of the NP lines (Table 
10). The distributions for the two types of lines overlapped and the content of the 
recurrent parent for the three unsaturated fatty esters was within the range of the LP 
lines. It should be possible to develop low-saturate LP cultivars with oleate, linoleate, 
and linolenate contents similar to that of low-saturate NP cultivars. 
The decreased emergence and increased saturate content of the LP lines could 
make it difficult to develop acceptable low-saturate LP cultivars. Additional breeding will 
be needed to determine if the negative associations of LP with emergence and saturate 
content can be overcome. 
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APPENDIX A 
EXPERIMENT FOR THE TESTING OF IMMATURE SEED 
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In June of 2002, it was necessary to determine which BCC F~ families of the 
8017696019 x (8017698019 x CX1834-1-6) population would, produce BCC F2 progeny 
with LP. Because the amount of seed from each BC~F~ plant was limited and asingle-
gene model was assumed at the time of planting, only 11 BCC F2 seeds from each family 
were retained for phytate testing. For the single gene model, a total of 11 seeds were 
required to find one BCC F2 seed with LP from a heterozygous BCC F~ plant with 95 
certainty (Sedcole, 1977). After planting, it was discovered that the LP trait was 
inherited by recessive alleles at two loci that exhibited duplicate dominant epistasis 
(Oltmans et al., 2004a). For this two gene model, 47 BCC F2 seeds must be tested to 
find at least one LP seed with 95 %certainty in a segregating BC~F~ family (Sedcole, 
1977). As a result, the 11 seeds saved for testing were not sufficient to identify the 
BCC F~ plants with the genotype Pha 1 pha7 Pha2 pha2, which are the only plants that 
would produce BC, F2 progeny with LP. 
It was necessary to identify the BCC F~ families segregating for LP before harvest 
to avoid the time and cost of harvesting plants from families with no segregation for 
phytate content. It would be ideal to determine which families had LP segregates by 
testing immature seed so that the testing would not conflict with harvest activities. The 
feasibility of testing immature seed with the colorimetric assay had not been 
determined. The objective of this experiment was to determine the stage in 
development at which immature seeds can be tested with results as reliable as those 
conducted with mature seeds. 
A total of 100 open flowers from each of the LP line CX1834-1-6 and the NP 
cultivar IA1008 were labeled 10 July 2002 with a small white tag tied below the node on 
which the flower was located. On the tag was written the number of flowers that were 
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open at that node. Any node that was chosen was stripped of all other buds or pods, 
leaving only the open flowers. 
At 21 days after flowering, 10 pods each of CX1834-1-6 and IA1008 were 
harvested for phytate testing. The pods were immediately brought back to the lab and 
opened. From each pod, one immature seed was chosen at random for Procedure 1 
and one for Procedure 2. The length of each seed along the suture was measured 
using a caliper. The weight of each undried seed was measured using a Sartorius H51 
balance (Sartorius GMBH, Gottingen, Germany). Each seed was chopped on weighing 
paper with a razor blade into two to four pieces and placed into an individual 12 x 75 
mm tube. Mature seeds of CX1834-1-6 and IA1008 were crushed and pieces equal to 
the weight of each of the immature seeds were placed in individuai tubes. The mature 
and immature seed tubes remained paired throughout the experiment. 
To develop a procedure that would be the most ideal for testing immature seed, 
two testing procedures were developed that were based on procedures described by 
Wilcox et al. (2000) and D. Israel (2001, personal communication). Procedure 1 was 
the procedure that was used in our laboratory for rapid analysis of many samples of 
whole, mature seed. The volume of reagents used for Procedure 1 was not adjusted for 
the weight of the seed. Procedure 2 was developed to determine if the volume of the 
reagents should be adjusted for the weight of the seed tested. 
Procedure 1: One mL each of TCA reagent and Chen's reagent were placed 
into all tubes. There were 10 mature CX1834-1-6 tubes, 10 immature CX1834-1-6 
tubes, 10 mature IA1008 tubes, 10 immature IA1008 tubes, and the six standards for 
the phytate procedure (two tubes with one mature, crushed CX1834-1-6 seed in each, 
two blank tubes, and two tubes with one mature, crushed IA1008 seed in each). The 
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six standards were included to monitor the effectiveness of the reagents in the test. 
The contents of the tubes were allowed to react for 20 min before taking notes. 
Procedure 2: Ten NL each of TCA reagent and Chen's reagent were placed into 
each tube for every milligram of seed sample. There were 10 mature CX1834-1-6 
tubes, 10 immature CX1834-1-6 tubes, 10 mature IA1008 tubes, 10 immature IA1008 
tubes, and the six standards for the phytate procedure. The tubes were allowed to 
react for 20 min before taking notes. 
Pod harvest and seed testing were repeated every 7 days until both the CX1834- 
1-6 mature and CX1834-1-6 immature seeds produced a dark blue color indicating LP 
content and both the IA1008 mature and IA1008 immature seeds produced a colorless 
to light blue color indicating NP for two consecutive weeks. The Procedure 2 
experiments ended after the weight of the seed warranted a volume of reagent #hat 
exceeded the volume used in Procedure 1. 
The seed weight and seed length data were analyzed using analyses of 
variance. Least significant differences, standard errors, and coefficients of variation 
were calculated to compare the mean seed weights and lengths of each the harvest 
dates. The data for CX1834-1-6 Procedure 1, IA1008 Procedure 1, CX1834-1-6 
Procedure 2 and 1A1008 Procedure 2 were analyzed as independent experiments. 
The additive model was: 
Y;j =µ+D; +e;~ 
where 
Y;~ =observed value of the jth observation on the ith day after flowering, 
µ =overall mean, 
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D; =effect of the ith day after flowering (i = 1 to 7 for Procedure 1, i = 1 to 3 for 
Procedure 2), 
e;j =error of the jth observation U = 1 to 10) of the ith day after flowering. 
Analyses of variance were performed with the general linear model procedure 
(PROC GLM) of SAS release 8.02 (SAS Institute, 2001). The standard error (SE), least 
significant difference (LSD), and coefficient of variation (CV) were calculated using the 
method of Steel et al. (1997). The equations used are as follows: 
SE _ (MSE / n)'~2 LSDa = ta,2(2MSE / n)'~2 CV = ((MSE)'~2/ x)*100 
where 
MSE =error mean squares in the analysis of variance. 
n = number of observations in the mean for each date after flowering 
(n = 10). 
tQ,2 =value of tfor atwo-tailed test at the a level of significance. 
x =overall mean of the dependent variable in the analysis. 
Table A1. Sources of variation and expected mean squares for the analysis of 
variance. 
Sources of variation Degrees of freedom 
Days after flowering d-1 
Error d(r-1) 
Total dr-1 
Expected mean squares 
MS2 62e + 6 2p 
M S ~ 62e 
The immature CX1834-1-6 seeds produced the same dark blue color as the 
mature seeds at 42 days after flowering, and remained consistent for the rest of the 
study (Table A2 and A5). The seeds were in the early R6 stage of development at 42 
days after flowering, which occurs when the seed fills the pod cavity (Fehr and 
Caviness, 1977; Table A4). 
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Although Procedure 2 did not give results as reliable as mature seed in early 
development, the results were closer to the mature seed result in Procedure 2 than in 
Procedure 1. This is shown by the tendency of the immature seed to produce a darker 
blue color in Procedure 2 at 21, 28, and 35 days after flowering than in the Procedure 1 
experiment. 
The immature IA1008 seeds produced the same color as the mature seed at 56 
days after flowering and remained consistent at 63 days after flowering (Tables A3 and 
A6). This was the time that green seed weight was highest, and when the leaves and 
pods began to turn yellow on the plants, indicating the beginning of maturity (R7 stage) 
(Fehr and Caviness, 1977; Table A4). 
Procedure 2 provided false LP results more often during the 21, 28, and 35 day 
harvests than Procedure 1 for the immature seeds of the NP cultivar IA1008 (Tables A3 
and A6). Moreover, the IA1008 seed took 14 days longer to give reliable results than 
the seeds of CX1834-1-6. The study of Raboy and Dickenson (1987) may explain why 
false LP results were common for NP seed. In their study, the NP cultivar `Williams 79' 
was grown and open flowers tagged at three node heights on the plants. Inorganic P 
and phytate P content of the immature seed were measured each week during 
development. The authors found that the amount of inorganic P relative to the total dry 
weight of the seed was highest during the first four to five weeks after flowering. It is 
possible that this high concentration of inorganic P in early development caused the 
seeds of IA1008 to produce a dark blue color. As a result, the greatest error in testing 
immature seed is the misclassification of a NP seed as a LP seed. The NP seeds need 
to be more mature than LP seeds to provide reliable results. While testing immature 
seeds of the BC~F~ families in my experiment, some families were misclassified 
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because NP seeds produced a dark blue color indicating LP content. Some 
homogeneous NP families had all 23 immature seeds classified as NP, but other 
homogeneous NP families had at least one immature seed that was misclassified as 
LP. 
The results of the experiment indicated that phytate testing using the colorimetric 
assay method can begin when plants reach the R7 stage and pods that are yellow or 
brown in color are present. 
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Table A2. Individual observations of seed of the low-phytate line CX1834-1-6 tested 
using Procedure 1. 
Undried weight Length 
DAF a (mg) (mm) Immature seed b Mature seed b
21 2 3 N LB 
21 2 3 N LB 
21 2 3 N LB 
21 2 3 N LB 
21 3 3 N N 
21 4 3 N L 
21 4 3 N LB 
21 6 4 N L 
21 6 3 N L 
21 9 4 LB L 
28 4 3 N L 
28 6 4 N L 
28 12 4 LB L 
28 18 5 LB L 
28 22 5 N L 
28 27 6 N L 
28 31 6 LB L 
28 36 6 LB L 
28 40 7 L L 
28 44 7 L L 
35 21 5 LB L 
35 22 6 LB L 
35 73 9 L L 
35 81 9 LB L 
35 108 9 L L 
35 150 10 L L 
35 165 11 L L 
35 223 10 L L 
35 238 11 L L 
35 241 11 L L 
42 194 11 L L 
42 209 11 L L 
42 230 12 L L 
42 256 12 L L 
42 264 12 L L 
42 282 12 L L 
42 289 11 L L 
42 293 12 L L 
42 307 12 L L 
42 310 12 L L 
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Table A2. Individual observations of seed of the low-phytate line CX1834-1-6 tested 
using Procedure 1 (continued). 
Undried weight Length 
DAF a (mg) (mm) Immature seed b Mature seed b 
49 145 10 L L 
49 208 11 L L 
49 263 12 L L 
49 316 12 L L 
49 318 12 L L 
49 330 13 L L 
49 356 12 L L 
49 360 12 L L 
49 428 13 L L 
49 441 13 L L 
56 228 11 L L 
56 252 11 L L 
56 261 11 L L 
56 357 12 L L 
56 430 13 L L 
56 484 14 L L 
56 505 14 L L 
56 528 14 L L 
56 541 14 L L 
56 559 14 L L 
63 241 10 L L 
63 253 12 L L 
63 275 12 L L 
63 306 17 L L 
63 316 12 L L 
63 422 14 L L 
63 503 14 L L 
63 535 15 L L 
63 539 15 L L 
63 579 14 L L 
SE ~ 28 1 
LS Do.oS 77 2 
LS Do.o~ 103 2 
CV (%) 38.8 14.1 a DAF =days after flowering. b N =colorless to light blue indicating normal phytate, LB = medium blue indicating an 
uncertain result, L =dark blue indicating low phytate. 
SE =standard error; LSDo.oS and LSDo.o~ =least significant difference at the 0.05 and 
0.01 probability levels, respectively; CV =coefficient of variation. 
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Table A3. Individual observations of seed of the normal-phytate cultivar IA1008 tested 
using Procedure 1. 
Undried weight Length 
DAF a (mg) (mm) Immature seed b Mature seed b
21 6 4 N N 
21 17 5 LB N 
21 25 6 LB N 
21 27 6 LB N 
21 27 6 LB N 
21 28 6 LB N 
21 30 6 LB N 
21 34 7 LB N 
21 43 7 LB N 
21 46 7 LB N 
28 54 8 LB N 
28 67 8 LB N 
28 81 9 LB N 
28 97 9 LB N 
28 111 9 LB N 
28 118 10 LB N 
28 121 9 LB N 
28 126 10 LB N 
28 130 10 LB N 
28 168 10 LB N 
35 31 6 LB N 
35 87 8 LB N 
35 113 9 L N 
35 199 10 LB N 
35 202 10 LB N 
35 207 11 L N 
35 211 11 L N 
35 230 10 LB N 
35 248 12 LB N 
35 249 12 LB N 
42 257 11 N N 
42 271 11 N N 
42 295 11 N N 
42 301 12 N N 
42 305 12 LB N 
42 306 12 LB N 
42 315 13 LB N 
42 317 12 N N 
42 331 12 LB N 
42 371 13 LB N 
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Table A3. Individual observations of seed of the normal-phytate cultivar IA1008 tested 
using Procedure 1 (continued). 
Undried weight Length 
DAF a (mg) (mm) Immature seed b Mature seed b 
49 311 12 N N 
49 341 12 LB N 
49 351 12 N N 
49 362 13 N N 
49 376 13 N N 
49 385 13 N N 
49 392 13 N N 
49 401 13 N N 
49 424 13 N N 
49 440 13 N N 
56 297 11 N N 
56 307 13 N N 
56 341 13 N N 
56 353 12 N N 
56 358 12 N N 
56 457 13 N N 
56 467 14 N N 
56 490 14 N N 
56 493 14 N N 
56 536 14 N N 
63 218 8 N N 
63 223 8 N N 
63 224 9 N N 
63 230 8 N N 
63 298 10 N N 
63 330 13 N N 
63 356 12 N N 
63 395 12 N N 
63 438 14 N N 
63 456 13 N N 
SE ~ 20 1 
LSDo.oS 54 2 
LSDo,o~ 72 2 
CV (%) 24.5 12.5 a DAF =days after flowering. b N =colorless to light blue indicating normal phytate, LB = medium blue indicating an 
uncertain result, L =dark blue indicating low phytate. 
SE =standard error; LSDo.oS and LSDo,o~ =least significant difference at the 0.05 and 
0.01 probability levels, respectively; CV =coefficient of variation. 
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Table A4. Means of seed measurements for each of the harvest dates in the 
Procedure 1 experiment. 
CX1834-1-6 IA1008 
Undried weight Length Undried weight Length 
DAF a (mg) (mm) (mg) (mm) 
 X 
21 4 3 28 6 
28 24 5 108 9 
35 132 9 178 10 
42 263 12 307 12 
49 316 12 378 13 
56 415 13 410 13 
63 397 13 317 11 
SE b 28 1 20 1 
LSDo.oS 77 2 54 2 
LSDo,o~ 103 2 72 2 
CV (%) 38.8 14.1 24.5 12.5 a DAF =days after flowering. b SE =standard error; LSDo.oS and LSDo,o~ =least significant difference at the 0.05 and 
0.01 probability levels, respectively; CV =coefficient of variation. 
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Table A5. Individual observations of seed of the low-phytate line CX1834-1-6 tested 
using Procedure 2. 
Undried weight Length 
DAF a (mg) (mm) Immature seed b Mature seed b 
21 2 3 LB LB 
21 2 3 LB L 
21 2 3 LB LB 
21 3 3 L L 
21 3 3 LB LB 
21 3 3 LB L 
21 3 3 LB L 
21 5 3 L L 
21 7 3 LB L 
21 9 4 L LB 
28 6 4 LB L 
28 6 3 LB L 
28 9 4 LB L 
28 18 5 LB L 
28 23 6 L L 
28 24 5 L L 
28 27 6 LB L 
28 35 6 L L 
28 41 7 L L 
28 65 8 L L 
35 17 5 L L 
35 29 6 L L 
35 74 8 LB L 
35 101 10 L L 
35 150 10 LB L 
35 173 11 L L 
35 187 11 L L 
35 196 11 L L 
35 225 11 L L 
35 249 11 L L 
SE ~ 16 1 
LSDo.oS 44 2 
LSDo,o~ 60 2 
CV (%) 84.9 27.8 a DAF =days after flowering. b N =colorless to light blue indicating normal phytate, LB =medium blue indicating an 
uncertain result, L =dark blue indicating low phytate. 
~ SE =standard error; LSDo.oS and LSDo,o~ =least significant difference at the 0.05 and 
0.01 probability levels, respectively; CV =coefficient of variation. 
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Table A6. Individual observations of seed of the normal-phytate cultivar IA1008 tested 
using Procedure 2. 
Undried weight Length 
DAF a (mg) (mm) Immature seed b Mature seed b
21 5 3 LB N 
21 17 6 LB N 
21 20 6 LB N 
21 21 6 LB N 
21 29 6 LB N 
21 29 6 LB N 
21 31 6 LB N 
21 32 6 LB N 
21 42 7 LB N 
21 42 7 L N 
28 47 7 L N 
28 52 7 LB N 
28 60 8 L N 
28 74 8 L N 
28 111 10 L N 
28 125 10 L N 
28 128 10 L N 
28 137 10 L N 
28 140 10 L N 
28 188 10 L N 
35 13 4 LB N 
35 132 10 LB N 
35 132 9 LB N 
35 165 10 LB N 
35 179 10 LB N 
35 199 11 LB N 
35 206 11 LB N 
35 219 11 LB N 
35 222 11 LB N 
35 237 11 LB N 
SE ~ 15 1 
LSDo.oS 44 2 
LSDo.o~ 59 2 
CV (%) 46.5 19.2 a DAF =days after flowering. b N =colorless to light blue indicating normal phytate, LB = medium blue indicating an 
uncertain result, L =dark blue indicating low phytate. 
SE =standard error; LSDo.oS and LSDo.o~ =least significant difference at the 0.05 and 
0.01 probability levels, respectively; CV =coefficient of variation. 
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Table A7. Means of seed measurements for each of the harvest dates in the 
Procedure 2 experiment. 
CX1834-1-6 iA1008 
Undried weight Length Undried weight Length 
DAF a (mg) (mm) (mg) (mm) 
 X 
21 4 3 27 6 
28 25 5 106 9 
35 140 9 170 10 
SE b 16 1 15 1 
LS Do.os 44 2 44 2 
LS Do.o~ 60 2 59 2 
CV (%) 84.9 27.8 46.5 19.2 a DAF =days after flowering. b SE =standard error; LSDo.oS and LSDo,o~ =least significant difference at the 0.05 and 
0.01 probability levels, respectively; CV =coefficient of variation. 
Table A8. Analyses of variance of seed measurements for the Procedure 1 experiments. 
Mean squares 
CX1834-1-6 IA1008 
Undried Undried 
Sources of variation df weight Length weight Length 
Days after flowering (D) 6 288471.42 ** 152.49 ** 207107.33 ** 57.57 ** 
Error 63 7395.52 1.81 3638.23 1.71 
CV (%) a 38.8 
** Significant at the 0.01 probability level. a CV =coefficient of variation. 
14.1 24.5 12.5 
Table A9. Analyses of variance of seed measurements for the Procedure 2 experiments. 
Mean squares 
CX1834-1-6 IA1008 
Undried Undried 
Sources of variation df weight Length weight Length 
Days after flowering (D) 2 53612.73 ** 102.11 ** 51688.90 ** 41.81 ** 
Error 27 2298.40 2.68 2208.10 2.49 
CV (%) a 84.9 27.8 46.5 19.2 
** Significant at the 0.01 probability level. a CV =coefficient of variation. 
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APPENDIX B 
MEANS OF THE LOW- AND NORMAL-PHYTATE TYPES 
AT INDIVIDUAL ENVIRONMENTS 
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Table B1. Mean performance of lines within each phytate type at each Iowa environment for 
agronomic and seed traits in 2003. 
Trait
Emergence 
(%) 
P h ytate 
Type
Low 
Normal 
Plant Density Low 
(plants m"Z) Normal 
Yield 
(kg ha"') 
Maturity 
(days) 
Low 
Normal 
Ames 
X
45.2 
81.3** 
Range
21.3 - 63.8 ** 
72.8 - 85.6 nsa 
13.9 6.6 -19.7 ** 
25.1 ** 22.5 - 26.4 ns 
2164 1746 - 2537 ** 
2356** 2045 - 2769 ns 
Low 18 
Normal 15** 
Lodging Low 
(score) Normal 
Height 
(cm) 
Seed Weight 
(mg sd"') 
Protein 
(9 k9"') 
Oil 
(9 k9"' ) 
2.1 
2.2ns 
Low 93 
Normal 96* 
Low 132 
Normal 12 5** 
Low 359 
Normal 368** 
Low 184 
Normal 182ns 
Palmitate Low 
(g kg"') Normal 
Stearate Low 
(g kg) Normal 
P+S b Low 
(g kg"') Normal 
Oleate 
(9 k9"1) 
Linoleate 
(9 k9"' ) 
13-23 
12 - 19 
1.3 - 3.0 
1.5 - 3.3 
80 -105 
85 -109 
123 - 141 
115 - 142 
348 - 378 ** 
357 - 380 ** 
174 - 191 ** 
176 - 190 
38 37 - 42 
36** 33 - 37 ns 
48 43 - 53 
41 ** 35 - 46 
86 80 - 94 
77** 68 - 83 
Low 280 
Normal 273** 
Low 565 
Normal 577** 
Linolenate Low 
(g kg"') Normal 
260 - 305 
262 - 285 
544 - 587 
565 - 590 
69 62 - 73 
73** 69 - 78 
** 
** 
** 
** 
** 
ns 
** 
ns 
** 
Carlisle 
X
76.1 
90.5** 
Range
59.4 - 84.7 ** 
82.5 - 95.0 ns 
23.5 18.3 - 26.1 ** 
27.9** 25.5 - 29.3 ns 
Rippey 
X
73.4 
89.8** 
Range 
52.2 - 85.6 ** 
85.0 - 93.4 ns 
22.6 16.1 - 26.4 ** 
27.7** 26.2 - 28.8 ns 
1740 1492 - 2060 ** 1988 1525 - 2397 ** 
1798* 1248 - 2136 ** 2119** 1884 - 2373 ns 
12 9 -15 
10** 6 -15 ** 
2.3 2.0 - 2.5 ns 
2.5ns 2.0 - 3.5 ** 
94 85 -102 
95ns 87 -107 
** 
** 
128 121 - 138 ** 
120** 108 - 136 ** 
25 22 - 29 
25ns 18 - 29 
** 
** 
2.0 1.5 - 3.0 ** 
2.5** 1.8 - 3.5 ** 
84 
88** 
75 - 95 
77 - 98 ~* 
134 121 - 149 ** 
129** 115 -155 ** 
373 357 - 391 ** 350 
377** 361 - 401 ** 354** 
175 160 - 188 ** 
175ns 163 - 189 ** 
36 34 - 42 ns 
34** 33 - 40 ns 
38 33 - 46 
36** 33 - 39 
74 67 - 83 
70** 65 - 78 
284 262 - 321 
279* 264 - 303 
574 543 - 598 
581 ** 555 - 596 
** 
** 
** 
** 
** 
** 
** 
** 
341 - 362 ** 
340 - 371 ** 
178 171 - 187 ** 
182** 173 - 192 ** 
38 36 - 40 
36** 35 - 39 ** 
50 43 - 57 
46** 41 - 52 
88 80 - 93 
82** 77 - 87 
272 247 - 297 
265** 245 - 296 
570 544 - 590 
580** 558 - 597 
67 62 - 73 71 64 - 78 
** 70** 66 - 76 73** 62 - 79 
** 
** 
** 
** 
** 
** 
** 
** 
** 
*, ** Means of the low-phytate and normal-phytate types or variation of lines within a type were 
significantly different at the 0.05 or 0.01 probability levels, respectively. a ns =means of the low-phytate and normal-phytate types or variation of lines within a type were not 
significant at the 0.05 probability level. b P + S =Palmitate + stearate. 
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